We have performed high energy resolution angle-resolved photoemission studies of the normal state band structure of oxygen overdoped Bi 2 Sr 2 Ca 1 Cu 2 O 8+x . We find that there is an extended saddle point singularity in the density of states along Γ −M − Z direction. The data also indicate that there is an asymmetry in the Fermi surface for both the Γ −M − Z and perpendicular directions.
I. INTRODUCTION:
The possibility of a van Hove singularity has been of considerable interest since it was proposed as a means of enhancing the superconducting transition temperature, T c . [1] [2] [3] [4] The idea is that the tendency toward superconductivity in a two-dimensional system can be enhanced when the Fermi level lies at or close to the energy of a logarithmic van Hove singularity (VHS) in the density of states. [2, 4] Several investigators have studied such a mechanism for raising the superconducting transition temperature T c [5] [6] [7] [8] [9] and there has been indirect experimental evidence indicating the possibility of a van Hove singularity. [10, 11] More recently, the first direct spectroscopic observations of a van Hove singularity, in the Y Ba 2 Cu 3 O 7−x and Y Ba 2 Cu 4 O 7−x systems have been reported. [12, 13] Gofron et.al. show that there is an extended saddle point singularity along the Γ − Y direction in reciprocal space, centered at the Y-point. [12] This report motivated us to study the Bi 2 Sr 2 Ca 1 Cu 2 O 8+x system. Our main result is that there is indeed an extended saddle point type of van Hove singularity in the oxygen overdoped Bi 2 Sr 2 Ca 1 Cu 2 O 8+x system. We have also obtained two additional results: the electronic band structure is asymmetric along both the Γ −M − Z and perpendicular directions, and there is no evidence for an electronic state just above the Fermi energy along the Γ −M − Z direction.
II. EXPERIMENTAL:
The experiments were performed using the four meter normal incidence monochromator at the Wisconsin Synchrotron Radiation Center in Stoughton, WI. The beamline provides highly (> 95%) linearly polarized light with the electric vector in the horizontal plane and with photon energy resolution better than 10 meV. The angle-resolved photoemission chamber includes a reverse-view low energy electron diffraction (LEED) optics used to orient the sample in situ after cleaving. The electron energy analyzer is a 50 mm VSW hemispherical analyzer mounted on a two axis goniometer, with an acceptance full angle of 2
• . The base pressure is 6 × 10 −11 torr. The incidence angle between the photon Poynting vector and surface normal was 45
• unless otherwise noted.
The single crystal samples were annealed in 1 atmosphere of oxygen at 530
• C for 20
hours. Figure 1 illustrates the results of AC susceptibility measurements. Note particularly that T c is 83K and the 10-90% temperature width is 1.3K. The crystals were characterized using four-point resistivity, X-ray diffraction, and transmission electron microscopy. The samples were transferred from a load lock chamber with a base pressure of 5 × 10 −9 torr to the main chamber, and cleaved at 30K in a vacuum of 6 − 8 × 10 −11 torr. The sample holder includes the capability to rotate the sample in situ about the surface normal, at low temperatures, for precision alignment with respect to the photon electric field. To measure the normal state electronic band structure, the temperature was raised to 95K, above T c .
The stability of the temperature was ±1K. We obtained a Fermi edge reference by using the spectra of freshly deposited gold films. We have obtained an energy resolution of 15 meV using 1 eV pass energy. For the present study, the overall energy resolution employed was 35 meV unless otherwise stated.
For a quasi-two-dimensional system such as Bi 2 Sr 2 Ca 1 Cu 2 O 8+x the initial state of the electron can be determined by measuring the component of the electron momentum parallel to the sample surface (k // ). By measuring the energy distribution curves (EDC's) for different directions (θ, φ) of the emitted photoelectron relative to the surface normal, the k // of the initial state is derived from the relation: k // = 0.512Å
where E kin is the kinetic energy of measured photoelectrons in the unit of eV,k x andk y denote unit vectors along two Cu-O bond axis (Γ −M directions). The binding energy of the state is determined by using the Fermi edge of the gold film as a reference.
III. RESULTS AND DISCUSSION:
We first oriented the sample so that the Γ −M − Z direction was in the horizontal plane.
We measured the dispersion of the normal state quasiparticle band along the Γ −M − Z horizontal axis. Figure 2 (a) and (b) illustrate the spectra obtained using an energy resolution of (a) 55 meV and (b) 35 meV, and a photon energy of (a) 21 eV and (b) 25 eV. The emission angle of the photoelectrons for each spectrum is noted in the figure.
A band developes and is visible for 8
• off normal at a binding energy of 335 ± 5 meV.
The band disperses toward the Fermi energy and, at θ = 20
• , is at a binding energy of 0-15 meV. TheM point at the photon energy of 25 eV is at 21
• . For this polarization (even symmetry) there is no indication of a Fermi level crossing, [14] consistent with reports of Dessau et.al. [15] Between θ = 20
• − 32
• the quasiparticle band remains at a binding energy of 0-15 meV.
Starting at 34
• the quasiparticle band disperses to higher binding energy, reaching a binding energy of 120 meV at an angle of 40
• . The dispersion curve is illustrated in Fig. 2 (c). The data in Fig. 2 illustrate what is, to the best of our knowledge, the first observation of the quasiparticle dispersion near the Z-point which, for this photon energy, is 43
• . All of the above results on the quasiparticle dispersion along the Γ −M − Z direction were confirmed using a photon energy of 21 eV. This behavior, with the quasiparticle band near the Fermi energy for an extended portion of the Γ −M − Z line, is consistent with an extended saddle point singularity. [12] Note also that the dispersion is not symmetric with respect to theM point; we return later to this point.
The other crucial issue of the band structure topology is the behavior of the quasiparticle band along cuts perpendicular to the Γ −M − Z direction. To obtain definitive information, we made four cuts, at angles 14
• and 20
we illustrate the results obtained with 25 eV photon energy. We also confirmed the results of Figs. 3-6 by using a photon energy of 21 eV (data not shown). We also studied a cut at θ = 16
• parallel to the X −M − Y line. Our results are different from those reported by Ref. [15] who, however, studied more lightly doped samples (ours are overdoped with oxygen), and who assumed tetragonal symmetry. Our data establish that for the overdoped samples, the Fermi surface exhibits orthorhombic, rather than tetragonal, symmetry. Such a result is consistent with X-ray and transmission electron microscopy studies of our crystals, which both indicate orthorhombic symmetry. Earlier reports indicate that the orthorhombic structure arises from a Bi-O buckling distortion that also affects the CuO 2 planes. [19] In addition to revealing the extended saddle point van Hove singularity, our data allow us to comment on the possibility of an electronic state just above the Fermi energy in the Γ −M − Z direction. Recently, Ref. [15] argued that on optimally doped Bi 2 Sr 2 Ca 1 Cu 2 O x samples there are two closely spaced electronic states, one of even and the other of mixed symmetry. Along the Γ −M − Z direction and with even symmetry orientation, our data are, for the wavevector domain in common, similar to those reported by Ref. [15] . However, as illustrated in Fig. 8 , along the Γ −M − Z direction and with odd symmetry orientation, we find virtually no electronic state.
To insure that this is not due to a matrix element effect, we took data at several photon energies in the 17-30 eV range. The difference noted in Fig. 8 is independent of the photon energy.
If we define a polarization factor P = (
, where S θ and S φ represent the photoemission spectral area at θ and φ after the subtraction of normal emission spectral area, respectively, the data indicate that for the overdoped samples, the electronic state along the Γ −M − Z direction is P = 66% of even symmetry, as indicated in Fig. 8(b) . This result contrasts to that of Ref. [15] who, for lighter doped samples, report an electronic state in the odd symmetry orientation that disperses through the Fermi surface
The two data sets indicate that the oxygen doping affects the symmetry of the quasiparticle state along the Γ −M − Z direction. Our results, illustrated in Fig. 8 and repeatedly reproduced for overdoped samples, establish that the quasiparticle state exhibits almost perfect even symmetry in the Γ −M − Z direction. We emphasize that our data for overdoped samples do not allow us to confirm or to exclude the possibility of a mixed-symmetry state, observable in odd symmetry orientation, that disperses through the Fermi surface.
We simply do not observe strong state in the odd symmetry orientation.
IV. CONCLUSION:
We have mapped the quasiparticle dispersion along the Γ −M − Z direction up to nearly the Z point for the first time. We find an extended saddle point type of singularity in the Fermi surface, which can lead to a stronger than logarithmic enhancement of T c . system exhibits an orthorhombic, rather than a tetragonal, Fermi surface. 
